Fluorescent tracers provide a way of simultaneously assessing the mass of a contaminant hazardous substance on the surface of the skin of a worker and the area of skin exposed. These parameters, along with the duration of exposure and the estimated contaminant concentration in the skin contamination layer, can be used to calculate the likely uptake through the skin. Repeated assessment of the mass of tracer on a surface within a room or on the surface of the skin can also allow the net transfer of contaminant to that compartment to be estimated. Qualitative evaluation of transfer processes using fluorescent tracers can help identify important secondary sources of exposure.
INTRODUCTION
Several hazardous substances emit visible light when they are illuminated with ultraviolet (u.v.) radiation. This phenomena has been used for many years to qualitatively assess deposition of naturally fluorescing compounds, such as polycyclic aromatic hydrocarbons (Ness, 1994) . However, the number of substances which fluoresce naturally in quantifiable amounts is relatively small and it is common for a separate fluorescing compound to be added to the source of the hazardous substance to visualise the dispersion of contaminants within the work environment.
The first quantitative fluorescence methods to assess dermal exposure were developed in the early 1980s. Schuresko (1980) developed an instrument for looking at surface contamination that consisted of a small u.v. lamp and light detector. Vo-Dinh and Gammage (1981) devised the 'light-pipe luminoscope' for monitoring the contamination of coal tar and other naturally fluorescing compounds on small areas of skin or other surfaces. Subsequent developments have concentrated on monitoring larger areas using sensitive video cameras combined with computer image analysis software (Fenske et al., 1986) .
Measuring dermal exposure can be time consuming and expensive. In most cases the technique relies on the addition of a fluorescent tracer which is assumed to follow the same deposition and retention characteristics as the contaminant of interest. These methods are invariably based on measuring the mass per unit area of the contaminant on the skin contamination layer and this may not correlate well with the risk. Cherrie and Robertson (1995) have suggested that a more reliable exposure metric would be based on measurements of the concentration of the contaminant on the skin, the area of skin exposed and the exposure duration. However, the ability of fluorescent tracer monitoring to help improve risk assessment has not been fully explored.
This paper briefly reviews both qualitative and quantitative fluorescence methods within the context of a recently described conceptual model of dermal exposure. We highlight the potential of fluorescence methods to help identify possible sources of exposure in a work place and the likely routes of exposure. In addition, we suggest how they could be used to provide a quantitative estimate of dermal uptake. It is not our intention to review the development of the technological aspects of these techniques since this is adequately described elsewhere (Roff, 1997; Fenske and Birnbaum, 1997; Bierman et al., 1998) . Schneider et al. (1999) proposed a conceptual model of the processes leading to dermal exposure. They outline a system of six compartments; beginning with the source of the hazardous substance, which may be dispersed into the air, onto surfaces, the outer and inner layers of a worker's clothing or the skin contaminant layer. Compartments are linked by mass transfer processes, such as emission to surfaces or deposition from the air to the skin contaminant layer.
A MODEL OF EXPOSURE
The key descriptors of the skin contaminant layer that are identified are the mass of hazardous substance on the skin, the concentration of that substance in the skin contaminant layer and the area of skin exposed. In addition, it is clearly important to assess the duration of exposure. Mass and concentration are both independently important because the concentration determines the rate of permeation of the hazardous substance through the stratum corneum, while the mass sets an upper limit of the amount that can be taken up into the body, i.e. it is the reservoir.
There are at present no methods available to measure the concentration of contaminants in the skin contaminant layer. The most appropriate strategy for nonvolatile substances is to assume that the concentration in the skin contaminant layer is the same as that in the source, assuming that there is only a single source concentration. The mass of hazardous substances on the skin can be assessed by a number of well-established methods such as those catalogued by Schneider et al. (1999) . Duration of exposure is more straightforward to measure, although it is not just the time the hazardous substance is used at work but the total time the contaminant resides on the skin. Therefore the exposure duration should comprise the time from first exposure until the skin is decontaminated.
Fluorescence methods provide the most reliable method of measuring the area of skin exposed and the mass of contaminant. They are therefore particularly powerful in helping to evaluate the risks where the concentration of the contaminant is constant. Cherrie and Robertson (1995) defined an exposure metric (E sk ) as the integral of the concentration of the contaminant substance in the skin contamination layer (C sk ) over the whole surface of the skin and over the whole of the exposure period. C sk is measured in units of mg/kg or similar.
This metric can be used to estimate the mass uptake of the contaminant through the stratum corneum by multiplying the exposure metric by the skin permeability constant (kp). However, as noted above, the actual uptake is limited by the mass of contaminant deposited on the skin, i.e. the reservoir for permeation through the skin.
For a constant concentration on the skin Eq. (1) simplifies to:
where s is the area exposed and t is the duration of the exposure. One major limitation of the method for quantitative assessment of dermal exposure is the limited number of persons for whom measurements can be made at any one time. This inevitably leads to small numbers of samples from any exposed group and this restricts our ability to properly take account of possible within and between person variance.
Fluorescence methods also provide an ideal qualitative and semi-quantitative method of assessing the transfer processes that result in exposure. For example, where the contaminant substance is emitted into the air it may be possible for it to spread far away from the original source and deposit on remote surfaces. The ability to visualise such transfer can help evaluate the possibility for exposure from contact with secondary sources (Kromhout et al., 2000) .
QUALITATIVE METHOD
The first stage in using fluorescent tracers to qualitatively investigate the potential for exposure should be to identify the main source or sources, e.g. the container with dilute pesticide. If necessary, a suitable tracer agent should be added to the source and thoroughly mixed (this stage may not be necessary for substances that have natural fluorescence). Commonly used fluorescent tracers include Uvitex OB, Tinopal and Calcofluor, generally diluted to about 0.001%, by weight. Depending on the rate of emission from the source and the limit of detection, it is necessary to wait for a certain period of time (a day, a week etc), so that contaminant residue levels can build up.
The transfer processes involved in moving contaminant mass from the source to other compartments, such as air, surfaces etc, should be identified so that the observed distribution of fluorescence can be explained. During this time the investigator should observe the worker activity in the proximity of the source and in particular note any deliberate transfer of source material to other remote locations in the workplace. Such observations may be made directly or could be undertaken using suitable video recording equipment. It is also important to categorise the mechanisms by which the contaminant is emitted, e.g. splashing onto surfaces, spilling etc. The time spent Fluorescent techniques to assess dermal exposure by workers within a certain distance of a source, say 1 m, and the number and location of contacts with surfaces should also be recorded, as these may be important determinants of dermal exposure.
Long-wave ultraviolet light (320-400 nm) is normally used to identify and characterise the extent of contamination on surfaces, workers' clothing and skin (Fenske 1988 (Fenske , 1990 ). The observations may need to be undertaken in subdued lighting so that the fluorescence may be more easily seen and the sensitivity of the technique maximised. If there is movement of the contaminant from the original location then secondary sources may be found some distance from the original source. The pattern of contamination can identify secondary sources, i.e. areas of surface contamination that may be transferred to the workers' skin on contact. In addition, it should be possible from the pattern of contamination to infer something about the route of transfer from the source to the surface. So for large contaminant patches (say 10 cm diameter) it is likely that the source material was spilled. Smaller more numerous spots of contaminant (say about 1 cm diameter) would probably be caused by splashing. Finally, large numbers of small spots (about 1 mm in diameter) would probably result from spray and this would need to be substantiated with a mechanism for spray formation such as bubbles bursting on the surface of the contaminant source. Smearing of these spots can easily be seen, indicating that transfer from that surface to another has already occurred. Smears with no obvious origin may indicate that it has been transferred to its present location from another.
Linking the contamination with the behaviour of the people in the area can help in making subjective judgements about the likelihood of dermal exposure. Promising results with subjective scoring methods have been described in the literature (Fenske, 1988; Kromhout et al., 2000) .
QUANTITATIVE METHODS
The first quantitative fluorescent tracer technique, known as the Video Imaging Technique for Assessing Dermal Exposure (VITAE) was introduced in the late 1980s (Fenske et al., 1986) and later developed by other laboratories (Archibald et al., 1994; Bierman et al., 1998) . Roff (1994) devised a more elaborate dodecahedral illumination system as part of the Fluorescent Interactive Video Exposure System (FIVES) with the objective of improving the accuracy of the quantification for whole body exposure.
These quantitative techniques also use a fluorescent tracer compound to mark the location that the hazardous substance deposits on the skin. The skin is then exposed to long-wave ultraviolet light and a video camera is used to record images of the exposed parts of the body. The analogue camera signal is then digitised to produce an image consisting of discrete area units known as picture elements (pixels) which may have a value between 0 and 256 (grey level). The grey level of the pixels of pre-and post-images are then compared to obtain the decrease of grey level resulting from exposure. These data can then be used to estimate the mass of hazardous substance on the skin using a previously derived relationship between pixel grey levels and the amount of tracer and assuming a fixed tracer-substance ratio. The technique simultaneously gives a measurement of the area of the skin that has been exposed.
Some authors have used the fluorescence methods in conjunction with either wipe samples or surrogate skin methods. These techniques can complement each other; first qualitatively identifying the areas contaminated by the hazardous substance using a fluorescent tracer followed by assessment of mass contaminating that area with a patch samplers or wiping the skin surface .
It is also possible to carry out serial assessments of the amount of tracer on the surface of the skin or on a surface. These data could, for example, be used to measure the rate of emission from the source to a surface, in mg/s. This assumes there are no losses during the exposure periods and that there is only the one emission process leading to contamination of the surface.
DISCUSSION
Fluorescent tracer methods of assessing dermal exposure present a number of advantages. The qualitative use of tracers can provide information about the pattern of emission of contaminant from the source to surfaces and may be the only reliable way of identifying and quantifying secondary sources of contaminant within the workplace. This is illustrated in the investigation of contamination of a hospital environment with antineoplastic drugs undertaken by Kromhout et al. (2000) . Such investigations involve relatively low costs and have important dividends in training staff to minimise contamination from spills and splashes. However, such approaches are still qualitative and rely heavily on the reliability of the judgement provided by the investigator. Also, in many situations it is not practicable to add a fluorescent tracer to the source material, for example as noted by Brouwer et al. (2000) when they found it necessary to use paint without colorant.
Quantitative assessment of skin contamination using fluorescent tracers has been used for many years. The main metric of exposure that had been used is the estimated mass of contaminant on the surface of the skin after a defined period of time, typically the end of the work task or working day. However, we have seen that it is possible to derive alternative exposure metrics from fluorescent tracer measurements, such as the area exposed, and these may be more closely related to the likely risk. We suggest that estimates of uptake may be obtained from the product of the area of skin exposed, the duration of exposure, the likely concentration of the contaminant in the skin compartment, and the permeation constant. Uptake in conjunction with the mass of contaminant on the skin provides a more appropriate basis for assessing risk. This approach is illustrated in the study of dermal exposure of spray painters described by Brouwer et al. (2000) .
With this exposure assessment strategy it is still necessary to estimate the concentration of the contaminant in the skin compartment, which is an important limitation and essentially restricts the application to situations where the contaminant is only available in the work environment at a single concentration. The approach neglects losses of contaminant mass from the skin surface through evaporation or other processes such as washing; fluorescent tracers bind effectively to the skin making them less easily removed than most other contaminants. This restricts the methods scope to those materials that are of relatively low volatility where there are infrequent attempts to clean the skin. Finally, the quantitative evaluation of dermal exposure using fluorescent tracers involves relatively high capital costs, typically of the order of 75 000 Euro.
Despite these limitations, fluorescence tracers offer definite advantages over other methods of measuring dermal exposure and they provide the only quantitative method for measuring the area of skin exposed. As such they have a key role to play in controlling risks from skin contamination with hazardous substances.
